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Oxygen interstitials and vacancies play a key role in modulating the microstructure and properties of
nonstoichiometric oxide systems, such as those used for superconductors and multiferroics. Key to
understanding the tuning mechanisms resulting from oxygen doping is a knowledge of the precise positions
of these lattice defects, and of the interaction both between these defects and with many order parameters.
Here, we report how such information can, for the first time, be obtained from a sample of LuFe2O4.22 using
a range of techniques including advanced electron microscopy, atomic-resolution spectroscopy, and density
functional theory calculations. The results provide quantitative atomic details of the crystal unit cell,
together with a description of the ferroelastic, ferroelectric, and ferromagnetic order parameters. We
elucidate also the interaction between these order parameters and the positions of the oxygen interstitials in
the oxygen-enriched sample. The comprehensive analysis of oxygen interstitial ordering provides insights
into understanding the coupling among different degrees of freedom in rare earth ferrites and demonstrates
that oxygen content regulation is a powerful tool for tuning the microstructure and properties for this class
of quantum material.
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Order parameters, which measure the degree of order
in a phase transition system, and which usually diverge
at the critical point, are closely related to various important
materials properties. For example, a strong coupling
between different order parameters accounts for many
exotic phenomena, such as superconductivity and multi-
ferroicity [1–6]. Moreover, the dependence of various order
parameters on the atomic structure provides the possibility
to modulate properties by the introduction of lattice defects
[7–10]. Understanding how lattice defects can influence
multiple order parameters is therefore of key importance for
the design of materials with controlled functionality.
Among the possible lattice defects, oxygen interstitials

or vacancies play a special role in modulating the micro-
structures and properties of oxides [11–16]. However,
many of the underlying mechanisms remain elusive,
including the importance of the precise position and
ordering characteristics of interstitial atoms and/or vacan-
cies, the interaction between these lattice defects and the
lattice atoms in the primitive cell, and the influence of any

coupling between the various order parameters that are
dependent on the lattice defects. A good model system for
the study of these questions is the rare earth ferrite
LuFe2O4, as this material has a high tolerance for different
oxygen stoichiometries, and its properties are sensitive to
the specific oxygen content [17–21]. Because of the
coexistence of Fe2þ and Fe3þ, the oxygen content can
vary in this material as LuFe2O4þx with–0.5 ≤ x ≤ 0.5
[18,21,22]. Different oxygen contents result in different
structures, each of which can be classified by a modulation
vector describing the local ordering [21]. For example, a
second-order modulation observed recently in LuFe2O4þx
was also presumed to be caused by the presence of oxygen
interstitials [23]. Direct experimental evidence of the
correlation between the abundance of modulation struc-
tures and oxygen interstitial content is, however, still
lacking.
By annealing LuFe2O4 in a controlled atmosphere,

an oxygen-rich heavily hole-doped composition of
LuFe2O4þx can be synthesized (where later in this article,
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we show that x ¼ 0.22). By the study of this material we
directly reveal for the first time oxygen interstitial ordering
in the compound LuFe2O4.22. This is combined with a
characterization of the introduced order parameters, includ-
ing lattice, charge, and spin, through direct atomic imaging
of oxygen interstitials, high angular annular dark field
(HAADF) imaging, atomic-resolution electron-energy loss
spectroscopy (EELS), and density functional theory (DFT)
calculations. We show that ordering of the oxygen inter-
stitials causes periodic displacements of the Lu and Fe
atoms, associated with a new type of charge ordering and
spin configuration, consistent with the modulation structure
revealed from experimental electron diffraction pattern
measurements.
Figure 1(a) is a selected area electron diffraction pattern

taken along the [100] crystal axis. Superlattice diffraction
spots are seen lying along the direction parallel to the white
arrow in figure connecting the (000) and (033) diffraction
spots. Denoting this arrow vector as q and taking q1 ¼
ð033Þ� [see inset in Fig. 1(a)], we can write q ≈ 0.33q1.
When defined with respect to the horizontal bH ¼ ð030Þ�
and vertical cH ¼ ð003Þ� reciprocal lattice vectors, the
vector q can be written as 0.33bH þ 0.33cH. It will be
shown below that the vector q is a modulation vector
that describes the modulated structure resulting from
the interstitial oxygen. Further examples of diffraction
patterns taken along different zone axes are shown in
the Supplemental Material, Fig. S2 [24].
A HAADF image taken along the [100] zone axis of the

LuFe2O4.22 sample is shown in Fig. 1(b). The contrast in

the image derives primarily from atomic number variations,
with an unobservable signal from oxygen atoms, and where
atoms with a larger atomic number (Z) appear brighter.
When the oxygen exceeds a certain level [17,18,21], the
FeO�LuO2�FeO unit layer glides 1

3
ð030Þ in the [120]

direction so that the stacking type transforms from [ABC] to
[AAA] (see Fig. S1 [24] for more descriptions of these two
stacking types). This is also confirmed in our sample, as
shown in the enlarged image in Fig. 1(b), where the
corresponding atomic model highlights the [AAA] stacking.
These real space images contain information regarding
periodic displacements of the Lu and Fe atoms. By accurate
measurement of the atom positions, we obtained the
displacements of the Lu atoms and the spacing between
neighboring Fe atoms, and find that both of these show
periodic variations along the direction of the vector q, as
shown in Figs. 1(c) and 1(d). The characteristic length of
the periodic variations for both the Lu displacement and the
Fe spacing, along the [001] and [120] directions, respec-
tively, are in each case three times the atomic spacing along
the corresponding crystal directions. This is consistent with
the components of the vector q determined with respect to
the bH and cH vectors in diffraction patterns [see Figs. 1(e)
and 1(f)]. Accordingly, we can see that q is also a
modulation vector for the lattice fluctuations of both the
Lu and Fe atoms. Additional HAADF images acquired
along different zone axes are shown in Fig. S3 [24].
As the HAADF image does not provide information

about the doped oxygen atom positions, we use integrated

FIG. 1. Modulation structure in diffraction pattern and HAADF image. (a) Diffraction pattern along the [100] zone axis; the inset
shows the relationship between the modulation vector q and vector q1. (b) HAADF image along the [100] zone axis. The enlargement
highlights the [AAA] stacking sequence, consistent with the atomic model. Green, brown, and red atoms represent Lu, Fe, and O atoms,
respectively. (c),(d) Maps showing the periodic variation of the Lu displacement and Fe spacing. (e),(f) Variation of the Lu displacement
and the Fe spacing along the [001] and [120] directions, respectively.
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differential phase contrast (IDPC) in the scanning trans-
mission electron microscope (STEM), which has a high
sensitivity to both heavy and light atoms. In an IDPC image
the contrast correlates approximately linearly with the
potential, which in turn is directly proportional to the
projected electrostatic potential field of a thin sample, with
clear maxima at the atomic positions [34–36]. Figure 2
shows an IDPC image along the [100] zone axis. In
Fig. 2(b), the oxygen interstitials can be easily identified,
where it is seen that they are located between the [FeO] and
[LuO2] layers on both sides of the FeO bilayer, as indicated
by the yellow arrows. By identifying the positions of all the
oxygen interstitials in Fig. 2(a) [present in the yellow areas
of Fig. 2(a) and highlighted by arrows in Fig. 2(b)], it is
found that they are located on the (033) plane and exhibit a
periodic arrangement along the direction of the modulation
vector q. The characteristic lengths of this periodic arrange-
ment are 3× the spacing along the [001] and [120]
directions, as shown by 3d003 and 3d030 in the correspond-
ing atomic model in Fig. 2(c). Therefore, the modulation
vectors for the oxygen interstitial ordering, as well as for
the metal atom displacements and for the periodicity of
the superlattice diffraction spots are all identical, and are
described by q ≈ 0.33q1.
The modulation in charge ordering has also been

analyzed using atomic-column resolved EELS. Example
images together with corresponding EELS spectra are
shown in Figs. 3(a)–3(c). It is instructive to analyze
separately the results corresponding to the two Fe atom
layers, as indicated in Fig. 3(b), where six representative Fe
atom positions in layers I and II are marked. The signals
from the Fe L edge and the O K edge of these different
positions are shown in Figs. 3(d)–3(g), labeled correspond-
ing to the numbering in Fig. 3(b). Considering initially
layer I [EELS spectra shown in Figs. 3(d) and 3(e)], the Fe
L3;2 edge shows a chemical shift, where the energy loss for
Fe atoms at positions 3 and 6 are shifted to lower energies
than for atoms at other positions. Comparing this result

with the atomic displacements seen in the HAADF images,
the chemical shift reveals that Fe atoms bonded to oxygen
interstitials have a higher valence than those not bonded to
the O interstitial. In the O K edge signal, the energy loss
peak at 530 eV is weaker at positions 3 and 6 than at other
positions. As the energy loss peak at near 530 eV represents
hybridization between O and Fe [37], this implies enhanced
Fe-O hybridization at positions 1, 2, 4, and 5, in agreement
with the metal atom displacements observed in the HAADF
images, and the observation that the oxygen interstitials are
located between positions 1 and 2, and positions 4 and 5.
We can conclude, therefore, that the Fe atoms at positions
1, 2, 4, and 5 tend to form FeO6 coordination, while only
FeO5 coordination is present at positions 3 and 6. The
higher oxygen coordination of Fe atoms at positions 1, 2, 4,
and 5 explains the observed chemical shift of the Fe L2;3

edge at these positions, related to the higher valence.
A similar analysis is carried out for layer II. In this layer

[Figs. 3(f) and 3(g)], the Fe L2;3 edge at positions 2 and 5 is
shifted to lower energy and a weaker peak near 530 eV for
the O K edge is found at these positions. Therefore, it can
be concluded that the oxygen interstitials in layer II are
located near positions 1 and 6, and between positions 3 and
4 (with no interstitial near positions 2 or 5), which is also
consistent with the oxygen interstitial ordering presented in
Fig. 2. The variation in Fe atoms valence can also be
demonstrated by calculation of the L3;2 ratios [38–40], as
shown in Figs. 3(h) and 3(i), where the L3;2 ratios for other
layers in the spectrum image of Fig. 3(c) are calculated
from the extracted Fe L edge signals (see also Fig. S7 [24]).
Combining both the variations in Fe atom and the

ordering of oxygen interstitial atoms, it is revealed that a
new charge ordering is formed, which matches the perio-
dicity of the modulation vector q, as shown in Fig. 3(i).
Based on our experimental results an initial supercell

including the oxygen interstitial positions was constructed
for DFT optimization, with size is equivalent to 3 × 3 × 3
hexagonal unit cells of LuFe2O4, with the stacking

FIG. 2. IDPC image showing the oxygen interstitials. (a) IDPC image along a [100] zone axis; yellow coloring represents areas with
oxygen interstitials. (b) Enlargement of the white dashed rectangle in (a) showing clearly the accurate positions of oxygen interstitials,
indicated by yellow arrows. (c) Corresponding atomic model where the interstitial oxygens are represented by blue spheres.
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sequence changed from [ABC] to [AAA], see Fig. 4(a). This
supercell can be regard as a rhombohedral structure where
the primitive cell contains 9 Lu atoms, 18 Fe atoms, and
38 O atoms, giving a stoichiometry of LuFe2O4.22, also
shown in Fig. 4(a). All DFT calculations were performed
using this primitive cell, with the oxygen interstitials
forming a simple cubic lattice with an average distance
between oxygen interstitials of 7.4 Å. In the supercell
model each interstitial oxygen is bonded to three Fe atoms,
transforming what would be a FeO5 bipyramid to an FeO6

octahedron.
Although not exhaustive for this complex structure, vari-

ous magnetic configurations were tested in the DFT calcu-
lations using this supercell, including ferromagnetism (F),

ferrimagnetism (FM-I to FM-IV), and antiferromagnetism
(AF-I to AF-IV); see Fig. S9 [24] for a further description
of different spin configurations. After full relaxation, the
lowest energy structure is AF-II [see the lower part of
Fig. 4(a)]. There are nine Fe atoms within each magnetic
atomic layer. For the AF-II configuration, there are three
spin-up atoms and six spin-down atoms in one layer, but six
spin-up and three spin-down atoms in the neighboring layer
(Fig. S10 [24] shows the AF-II configurations viewed along
[001] zone axis). The calculations give negligible net
magnetic moment for the lowest energy state (AF-II) within
numerical accuracy. This can be compared with the net
magnetic moment of 2.33 μB per formula unit (f.u.) for
fully stoichiometric LuFe2O4, which exhibits ferrimagnet-
ism. After full relaxation, the Lu and Fe atoms adjacent to
the oxygen interstitials are displaced towards the oxygen
interstitials, as shown in Fig. 4(c). The calculated displace-
ment of the Lu and Fe atoms [Fig. 4(b) and Fig. S11 [24] ]
agree well with the experimental measurements taken from
the HAADF images, both regarding periodicity and

FIG. 4. Lattice, spin and charge structures of LuFe2O4.22.
(a) Supercell of LuFe2O4.22 and a reduced supercell with
rhombohedral symmetry. The coordination between metal atoms
and oxygen interstitial is also shown in the magnified image. Blue
spheres represent oxygen interstitials. The spin configuration of
the lowest energy AF-II state is shown in the lower part of the
figure. Arrows with different colors represent different spin
directions in the neighboring layers, respectively. (b) Calculated
displacement of Lu atoms along the [001] direction of the AF-II
magnetic structure; the projection direction is the [100] zone axis.
(c) Average bond valence sum of each Fe column for the structure
with AF-II structure. (d) Room-temperature polarization-electric
field loops for LuFe2O4.22, demonstrating robust and switchable
ferroelectricity.

FIG. 3. Atomic-column resolved EELS results. (a) HAADF
image along the [100] zone axis. The green dashed rectangle
represents the STEM-EELS acquiring area. (b),(c) Scanning
image and spectrum image of the EELS acquisition area. (d),
(e) EELS signals for the Fe L edge and O K edge in layer I.
Different colors represent the different acquisition positions
shown in the scanning image (b). The black arrow in (e) indicates
the peak of the O K edge around 530 eV. (f),(g) EELS signals for
the Fe L edge and O K edge in layer II. (h) L3;2 ratios for different
positions in layers I and II calculated from the Fe L edge signals
and (i) map of L3;2 ratios for different atomic positions, showing
the modulation vector q.
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magnitude. The simulation results, including reciprocal and
real space images are shown in Fig. S12 [24]. Good
agreement is seen in each case with the corresponding
experimental images.
To further elucidate the order coupling we also analyzed

the valence states of the Fe ions according to their bond
valence sum (BVS) [41], local magnetic moment, and
Bader charge. As shown in Table S2 [24], the Fe ions can
be divided into two types, corresponding to Fe2þ and Fe3þ.
The Fe atoms close to oxygen interstitials have higher
valence, whereas those located at other positions have a
lower valence. Figure 4(c) shows the charge ordering for
the Fe atoms, where it is seen that viewed along the [100]
zone axis the average valence of the Fe column near the
oxygen interstitials is higher than for other columns, which
is consistent with the experimental EELS results.
Compared with stoichiometric LuFe2O4, the presence of
oxygen interstitials in LuFe2O4.22 increases the number of
Feþ3 atoms, resulting in a Fe3þ=Fe2þ ratio of 13∶5 in
LuFe2O4.22 compared to just 1∶1 in fully stoichiomet-
ric LuFe2O4.
Compared with its stoichiometric counterpart, the oxygen-

rich LuFe2O4.22 is heavily hole doped. Surprisingly, the
material remains insulating in the presence of this new form
of charge ordering, as revealed by density of states (DOS)
calculations (Fig. S13 [24]). We performed structural
relaxation with both noncentrosymmetric space group
R3m and centrosymmetric space group R3̄m. After full
relaxation, the structure with the lowest energy is Cm, with
AF-II spin configuration (see Table S3 [24] for compar-
isons of the total energies between different symmetries).
UsingCm as a ferroelectric phase and R3̄m as a paraelectric
phase, the spontaneous electric polarization was calculated
by summation of the contributions from each atom, as the
product of the displacement of each atom and its Born
effective charge (BEC) (Fig. S14 [24]). The BEC’s were
calculated with density functional perturbation theory [42–
44], as shown in Table S4 [24]. The calculated value for the
electric polarization is 0.46 μC=cm2.
It has been proposed previously that stoichiometric

LuFe2O4 is a prototypical example of a charge-order
(CO) based ferroelectric material [45], with the equal
amounts of Fe2þ and Fe3þ in adjacent layers forming a
triangular polar sublattice (W layer). However, direct
experimental verification of ferroelectricity in LuFe2O4

has been elusive to date [46]. In our LuFe2O4.22 sample, the
atomic displacements and the changes in the number of
bivalent Fe2þ and trivalent Fe3þ iron ions alter the polar
structure accordingly. Interestingly, LuFe2O4.22 displays a
clear ferroelectric polarization loop [Fig. 4(d)]. Together
with the theoretical calculations based on the accurately
measured atomic positions the polarization measurement
indicates the presence of switchable ferroelectric polariza-
tion in hole-doped LuFe2O4.22.

Summary.—In conclusion, the oxygen interstitial order-
ing in oxygen-doped LuFe2O4, with a structure and
composition determined as LuFe2O4.22, has been directly
revealed for the first time. The oxygen interstitial ordering
and related lattice, charge, and spin ordering form the new
modulation structure, all described by the same modulation
vector. We show that LuFe2O4.22 has good ferroelectric
properties at room temperature and exhibits antiferromag-
netism below 170 K, both of which are strong in contrast to
the behavior of undoped LuFe2O4. The combined exper-
imental and modeling results demonstrate how the oxygen
interstitial ordering alters the properties of LuFe2O4þx
through the effect on multiple ordering parameters. The
results presented here also provide a direct insight into the
coupling mechanisms between multiple order parameters in
oxygen-doped material.
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